
was achieved. These tunnels were fully instrumented
for deformation studies.

Cavities beneath the sole of the glacier were ex-
amined in detail. Salt deposits on rocks exposed in
the cavities suggest that the salt was derived from
the basal ice itself, which has a salt concentration
seven times that of the clear ice above. The mecha-
nism of salt deposition in a cavity surrounded by ice
containing salt at - 18°C. will be studied in the lab-
oratory.

Vertical holes 22 and 34 m in length were drilled
from the glacier's surface to the tunnel ceiling, and
temperature and deformation data were obtained
from them. A temperature of —18°C. was recorded
at the base, whereas midway between the base and
the top surface, a temperature of about —20°C.
was recorded, the latter at the peak of a cold wave.
Flow velocities were found to vary from about 1 cm
per day at the surface to zero at the base. At a level
3 cm above the base, in the "dirty ice," the move-
ment was about 7.5 >< 10 cm per day, and in the
basal clear-ice zone, which extends from the ice cliff
to a point 20 m within the glacier, it was an order
of magnitude less.

Certain aspects of the glacial geology were stud-
ied to aid in understanding the physical processes
taking place beneath and at the margins of the ice
tongue. These included mechanical analyses of the
morainal debris, measurements of the volume of this
material, the location of "tracer" or index rocks,
and the structure of the moraine.

Micrometeorological investigations were con-
tinued, both on the moraine and the glacier surface.

UPPER ATMOSPHERE PHYSICS

The Conjugacy of Visual Aurorae
A. E. BELON and K. B. MATHER

Geophysical Institute, University of Alaska
and

N. W. GLASS
Los Alamos Scientific Laboratory

University of California

Aurorae are the luminous manifestation of the
penetration of charged particles into the upper at-
mosphere along geomagnetic lines of force. A sym-

metrical injection of particles into an undistorted
geomagnetic field would be expected to cause auro-
rae similar in form and intensity at the conjugate
ends of magnetic field lines. Evidence obtained from
satellites, however, indicates that the geomagnetic
field is distorted by anomalies and the solar wind,
and that the field lines at very high latitudes are in
fact swept away from the Earth in the antisolar di-
rection to form a magnetospheric "tail." Under
these conditions, aurorae would be expected to be
only grossly conjugate and to become progressively
less conjugate with increasing geomagnetic dipole
(dp) latitude.

This behavior of aurorae has been confirmed
through measurements of associated effects on such
phenomena as magnetic variations, ionospheric ab-
sorption, and X-ray emissions. An examination of
the detailed spatial and temporal conjugacy of parti-
cle precipitation would be best accomplished by
making direct conjugate measurements from rockets
and satellites. However, such measurements would
be difficult to make and coordinate, and they would
be severely restricted in space and time. The most
informative approach at the present time appears to
be to compare conjugate visual aurorae by means of
all-sky cameras and photometers.

Using all-sky camera data obtained on four clear
nights at conjugate stations near dp latitude 61°,
along with data obtained on one night near dp lati-
tude 64 0 , DeWitt (1962) found that aurorae near
these latitudes were similar in form, motion, inten-
sity, and temporal variation. In a later, unpublished
analysis of observations made on six nights at a pair
of conjugate stations located at a higher (70°) dp
latitude (Reykjavik, Iceland, and Showa, Antarctica),
DeWitt noted considerably less similarity in auroral
features.

An excellent review of the present knowledge of
magnetoconjugate phenomena has been made by
Wescott (1966).

Experimental Program

Few pairs of conjugate polar stations are suitably
located and equipped to make optical observations
of aurorae, and those in existence can provide si-
multaneous observations only during brief periods of
coincident darkness in the two polar regions (i.e., at
the time of the equinoxes). Further limitations are
imposed by the likelihood that clouds will obscure
the sky during at least part of the period of darkness
and that some instrument failures will occur.

To permit a detailed study to be made of the ex-
tent of conjugacy of aurorae observed optically at a
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variety of latitudes, two NC-135 jet aircraft,
equipped with all-sky cameras and photometers,
were flown on three round trips across the northern
and southern auroral zones (Fig. 1). On the figure,
the solid circles (10 over Alaska and 10 over areas
south of New Zealand) indicate conjugate locations
which were to be reached simultaneously by both
aircraft at intervals of 15 minutes. The conjugate
points were calculated from a model of the magnetic
field represented by the time-dependent coefficients
of Hendricks and Cain (1966). The dashed lines
enclosing the flight paths show dipole latitudes and
longitudes. The differences between the respective
locations of conjugate points and dipole coordi-
nates illustrate the departure of the geomagnetic
field from that of a centered dipole. The apparent
difference in the length of the northern and southern
flight paths is largely due to the use of a Mercator
map projection.

The aircraft were equipped with Fairchild all-sky
cameras having an aperture of f11.5 and a field of
view of 160°. Eight-second exposures were taken
every 10 seconds. The synchronization of the north
and south exposures was within 0.1 second, so that
auroral structures and intensities could be directly
compared. The aircraft were also equipped (by
other experimenters) with narrow-field cameras, ze-
nith photometers, a meridian-scanning photometer,
a magnetometer, and VLF receivers.

The flights were timed to permit observations to be
made around magnetic midnight. Magnetic activity
was very slight during all three flights, with re-
ported College K-indices and K-sums of 2 and 2 on
March 12; 2 and 4 on March 14; and 0 and 2 on
March 16. Nevertheless, aurorae were recorded
poleward of dp latitude 65° on all three flights.

Results

At the time of this writing, only the data obtained
from the all-sky cameras have been studied, and no
corrections have been applied for aircraft deviation
from the intended location or for heading and pitch
and roll. Thus, the results presented here must be
considered as very preliminary.

Figures 2a, b, and c are representative samples of
the data obtained when aurorae were observed and
the aircraft were in approximately conjugate loca-
tions. Two consecutive photographs taken from each
aircraft are shown in each figure. The time given is
that of the beginning of the exposure for the right
photograph. Gross conjugacy of northern and south-
ern aurorae was observed in all photographs. In ad-
dition, most photographs show surprisingly detailed
conjugacy in the shape, intensity, and temporal var-
iations of aurorae observed between dp latitudes
65° and 70°.

Figure 2a illustrates the kind or data obtained
when the aircraft were near dp latitude 65°. The
conjugate, truncated auroral arc is located near dp
latitude 67.5°. The rayed arc appearing on the hori-
zon in the photographs taken in the Southern Hemi-
sphere is just below the horizon in those taken in
the Northern Hemisphere. Details of conjugacy of
these aurorae are expected to be more apparent
when corrections have been made for the fact that
the southern aircraft was flying east and south of its
intended position.

Figure 2b shows data taken when the aircraft
were near dp latitude 66.5°. The southern aircraft
was somewhat north of its intended position. The
eastward auroral loop, whose lower branch is near
dp latitude 70°, shows close conjugacy. The faint
and diffuse auroral arc, located in the zenith, and
tentatively identified as the "quiet hydrogen arc" on
the basis of ground data, is observed to be closely
conjugate.

Figure 2c represents one of the best examples ob-
tained of detailed auroral conjugacy—the bright ray
bundle with its faint "tail" on the equatorward side
(the eastern edge of the photographs). The rest of
the auroral display is a complex rayed structure,
near dp latitude 69°, having apparent dissimilarities.
The significance of these dissimilarities will be deter-
mined through analysis of the photographs in con-
junction with the aircraft navigation data. The
viewing of rayed auroral structures is very aspect-
sensitive, i.e., the details of the structure look
different from stations separated by as little as 10
km. In the instance cited, the aircraft flying in the
Northern Hemisphere was slightly west and south of
its intended position.

Conclusion
The preliminary analysis of the data obtained

provide some unique examples of surprisingly de-
tailed auroral conjugacy at high latitudes. The
subsequent analysis will involve accurate determi-
nation of the locations of clearly identifiable features
of the aurorae and a comparison of them with the
calculated model of the magnetic field developed by
Hendricks and Cain. The photometric data may pro-
vide information on the temporal relationship of lu-
minosity fluctuations of the conjugate aurorae. If
these measurements confirm the detailed spatial and
temporal conjugacy of aurorae suggested by the
photographs presented here, they will constitute evi-
dence that, during magnetically very quiet times,
aurorae in the vicinity of the statistical auroral zone
(dp latitude 66.5°) are caused by a symmetrical in-
jection of electrons and protons near the equatorial
plane and along magnetic field lines which are
closed, relatively stable, and not greatly stretched to-
ward the magnetospheric tail.
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Study of Particle Precipitation and
Magnetospheric Phenomena by Means

of Balloon-Borne Instrumentation
J. R. BARCUS, F. E. WHITE, and

P. R. WILLIAMSON

Department of Physics
University of Denver

From January 8 to February 7, 1967, a series of
high-altitude balloon flights was made from Byrd
Station. The purpose of the flights was to study the
frequent precipitation of energetic electrons out of
the magnetosphere and to investigate features of so-
lar cosmic ray enhancements at high magnetic lati-
tudes in the Southern Hemisphere. The payloads
consisted of scintillation counters and Geiger-coun-
ter telescopes, associated pulse-discrimination and
counting circuits, and telemetry equipment.

The polyethylene balloons used had a capacity of
80,000 cu ft and carried the payloads to a nominal
floating altitude corresponding to approximately 8
mb. Owing to some extended periods of severe
weather near the surface, only 12 releases could be
attempted during the time available for the program.
However, the performances of both the balloons and
payloads were excellent. Extremely light winds in
the stratosphere permitted reception of useful data
for an average of about 40 hours, which was about
equal to the battery-limited lifetime of each payload.

The period during which these experiments were
conducted was a fairly active one geophysically, be-
ing marked by the occurrence of three geomagnetic
storms and two energetic solar proton events. While
the analysis of our observations during these dis-
turbances is only preliminary at this time, it seems
worthwhile to call attention briefly to some interest-
ing features which we have recognized.

Observations of a Geomagnetic Storm
On January 13, 1967, at 1202 UT (0402 Byrd

local time), a Storm Sudden Commencement (SSC)
occurred. The scintillation detector carried by a bal-
loon released about 30 hours earlier clearly responded
about 100 seconds after the SSC to an initial
weak maximum in bremsstrahlung X-rays from en-
ergetic electron precipitation (Fig. 1). The explana-
tion of the delay is not clear, but it seems likely that
it was related to an important characteristic time for
acceleration and release of energetic electrons fol-
lowing the impulsive magnetic perturbation. About

Figure 1. Brenisstrahlung X-ray intensities recorded over
Byrd Station after the Storm Sudden Commencement on

January 13, 1967.
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